huckebein encodes a putative zinc finger protein expressed in a subset of Drosophila CNS precursors, including the NB 4-2/GMC 4-2a/RP2 cell lineage. In huckebein mutant embryos, GMC 4-2a does not express the cell fate marker EVEN-SKIPPED; conversely, huckebein overexpression produces a duplicate EVEN-SKIPPED-positive GMC 4-2a. We use Dil to trace the entire NB 4-2 lineage in wild-type and huckebein mutant embryos. Loss of huckebein does not affect the number, position, or type of neurons in the NB 4-2 lineage; however, all motoneurons show axon pathfinding defects and never terminate at the correct muscle. Thus, huckebein regulates aspects of GMC and neuronal identity required for proper motoneuron axon pathfinding in the NB 4-2 lineage.
Introduction
The question of how cell diversity is generated in the CNS is amenable to cellular, molecular, and genetic analyses in Drosophila. The CNS develops from neural precursors (neuroblasts; NBs) that divide asymmetrically to bud off smaller ganglion mother cells (GMCs). GMCs are intermediate precursors, dividing to produce two postmitotic neurons or glia. Each of the 30 NBs in a hemisegment can be uniquely identified based on its position, time of formation, and expression of molecular markers; most importantly, each NB generates a unique and reproducible clone of neurons and/or glia. Although the mechanisms governing NB formation are well understood (reviewed in CamposOrtega, 1993) , and progress has been made on how NB identity is determined (Chu-LaGraff and Doe, 1993; Zhang et al., 1994; Skeath et al., 1995) , we know little about how cell diversity is generated within NB cell lineages.
To address the question of how cell fates are specified in the Drosophila CNS, we and others have focused on :~Present address: Inst. f~r Neurophysiol., Univ. KSIn, D-50931 KSIn, Germany.
the NB 4-2 cell lineage. The first GMC born from NB 4-2 (GMC 4-2a) divides to produce the RP2 motoneuron and the RP2sib (Doe, 1992) . A growing number of genes are known to be essential for the development of this early part of the NB 4-2 lineage. The wingless gene is required for specification of NB 4-2 and the activation of 5953, an enhancer-trap insertion expressed in NB 4-2 and the neuroectodermal cluster from which it delaminates (ChuLaGraff and Doe, 1993) . After NB 4-2 divides, GMC 4-2a expresses the genes encoding the homeodomain proteins PROSPERO (PROS), PDM-1, PDM-2, FUSHI TARAZU (FTZ), and EVEN-SKIPPED (EVE) (Doe et al., 1988a (Doe et al., , 1988b (Doe et al., , 1991 Yang et al., 1993; Bhat and Schedl, 1994) . pros, pdm-1, pdm-2, and ftz are all required to activate eve expression in GMC 4-2a and its progeny, the RP2 and RP2sib. The loss of either ftz or eve CNS function often results in the transformation of the RP2 axon projection from ipsilateral to contralateral (Doe et al., 1988a (Doe et al., , 1988b .
Although the NB 4-2 lineage is well characterized relative to other NB lineages, only a subset of the genes controlling the development of the NB 4-2 lineage has been identified. Genes acting between wingless in the neuroectoderm and pros, pdm-1, pdm-2, ftz, and eve expression in GMC 4-2a are currently unknown. The 5953 enhancer-trap insertion is activated in row 4 neuroectoderm and NB 4-2 in response to the wingless signal (Chu-LaGraff and Doe, 1993) , and thus the associated gene is a prime candidate for a target of the wingless signal and a possible regulator of NB 4-2/GMC 4-2a cell fate. Our studies reveal that the 5953 enhancer trap is an insertion at the huckebein (hkb) locus, hkb encodes a putative zinc finger protein that is required for the repression of gap genes in the posterior embryonic region at the blastoderm stage (BrSnner and J&ckle, 1991) . During germ layer formation, hkb is required to specify endodermal cell fate by repressing ectodermal and mesodermal development in the endoderm primordia (Br6nner et al., 1994; Reuter and Leptin, 1994) .
In the developing CNS, hkb is expressed in NB 4-2 and GMC 4-2a, as well as in eight other NB lineages. We find that the loss of hkb results in a partial change in GMC 4-2a cell fate: there is a complete loss of eve expression, but pros, pdm-1, and ftz expression is normal. Conversely, overexpression of hkb produces a duplication of the EVEpositive GMC 4-2a and the RP2 neuron. To determine more precisely the role of hkb in the N B 4-2 lineage, we use the lipophilic fluorescent tracer Dil (Bossing and Technau, 1994) to reveal the complete embryonic cell lineage of NB 4-2 in wild-type and hkb mutant embryos. In embryos lacking hkb function, the NB 4-2 clone has the correct number and position of motoneurons and interneurons; however, motoneuron axon pathfinding is aberrant. In some cases, motoneurons reach their appropriate "muscle group," but never synapse with the correct muscle. Collectively, these results suggest that loss of hkb results in defects in GMC and neuronal fate leading to aberrant axon pathfinding. Figure 1 . hkb Is Expressed in a Subset of Neuroectodermal Cells, Neuroblasts, and GMCs Expression of hkb-lacZ (A) and HKB RNA (B-F) in wild-type embryos during early stage 9 (B), mid-stage 9 (C), stage 10 (D), stage 11 (A and E), and late stage 11 (F). Anterior is up; black line, ventral midline; (A), lateral view; (B-F), ventral view. NB stages and names are according to Doe, 1992 , as modified by Broadus et al., 1995 ; embryo stages are according to Campos-Ortega and Hartenstein, 1985. (A) Low magnification lateral view of a stage 11 embryo showing hkb-lacZ in a narrow band of neuroectodermal cells in row 2 (arrowhead) and in a large mediolateral cluster of neuroeetodermal cells in rows 4 and 5 (arrow). hkb-lacZ is also transcribed in the anterior and posterior midgut primordia. (B) Early stage 9 ($1 NB stage). HKB RNA is detected in neuroectodermal clusters at the positions where NBs 2-2 (white asterisk) and 4-2 (black asterisk) will delaminate. (C) Mid-stage 9 ($2 NB stage). HKB RNA is expressed in NBs 2-2 (white arrow) and 4-2 (black arrow), and the neuroectodermal clusters at these positions. (D) Stage 10 ($3 NB stage). HKB RNA is still expressed weakly in NB 2-2 (white arrow) and strongly in NB 4-2 (black arrow) and GMC 4-2a (inset). (E) Early stage 11 ($4 NB stage). HKB RNA is expressed in NBs 2-4 (white arrow), 4-2 (black arrow), 5-4 (black arrowhead), and 1-1 and 4-4 (out of the focal plane). Neuroectodermal clusters at the 2-4 and 4-3/5-4 positions also express hkb. Inset, hkb expression in GMC 4-2a during early $4 (arrow); NB 4-2 is slightly out of focus and to the left of GMC 4-2a. (F) Late stage 11 ($5 NB stage). HKB RNA is expressed in NBs 2-4 (white arrow), 4-3 (black arrow), 4-4 (large white arrowhead), 5-5 (black arrowhead), and 7-3 (small white arrowhead); there is no neuroectodermal expression. NB 4-2 has faint and variable expression at this stage; slightly later, hkb is not expressed in NB 4-2.
Results

Identification of the huckebein Gene
The 5953 enhancer-trap line was generated in a largescale screen for lines with expression in a subset of NBs (Doe, 1992; C. Q. D. et al., unpublished data) . We focused on 5953 because it is expressed in NB 4-2 in response to wing/ess (Chu-LaGraff and Doe, 1993) . We find that the chromosome position, restriction map, and expression pattern of the transcription unit adjacent to the 5953 insertion match that of the hkb gene; moreover, 5953 imprecise excision mutations do not complement hkb alleles (data not shown). Thus, we refer to the 5953 pattern as "hkb-/acZ" and the adjacent gene as hkb.
hkb Is Expressed in a Subset of Neuroectodermal Cells, Neuroblasts, and GMCs HKB RNA is expressed in a bisegmental pattern in the neuroectoderm (Figure 1) . It is first detected in the CNS at early stage 9 in neuroectodermal clusters where NBs 2-2 and 4-2 will later form ( Figure 1B) ; there is no expression in $1 NBs at this stage (Figure 2 ). At mid-stage 9, when the $2 NBs have formed, NBs 2-2 and 4-2 express hkb ( Figure 1C ). At stage 10 when the $3 NBs have formed, NB 2-2, NB 4-2, and GMC 4-2a express hkb (Figure 1D, inset) ; it is also expressed in a neuroectodermal cluster where NB 2-4 will delaminate and an expanded cluster where NBs 4-4 and 5-4 will delaminate (Figure 1 D) . Later in this stage, hkb is also faintly expressed in NB 1-1, which has already produced at least one GMC (data not shown). The expression in NB 1-1 midway through its cell lineage is different from all other hkb-expressing NBs, where hkb is expressed at the time of NB formation. At early stage 11 when the $4 NBs have formed, NBs 1-1, 2-4, 4-2, 4-4, and 5-4 express hkb, as do neuroectodermal clusters at the 2-4, 4-3, 5-4, and 7-3 positions ( Figure 1E) ; HKB RNA is still detectable in GMC 4-2a (Figure 1 E, inset) . At late stage 1 1, when the $5 NBs have formed, NBs 1-1, 2-4, 4-2, 4-3, 4-4, 5-4, 5-5, and 7-3 all express hkb ( Figure  1F ). The first GMC born from NBs 2-4, 4-2, 4-3, 4-4, and 5-4 express hkb (data not shown). We have not determined whether other GMCs from these NBs express hkb, or whether other NBs produce hkb-positive GMCs. By the end of stage 1 3, all hkb CNS expression has disappeared except for a cluster of cells at a ventral/lateral position in every segment; by stage 15, HKB RNA is not expressed in the CNS.
The only detectable HKB RNA outside of the CNS is in the termini during blastoderm stage, anterior and posterior midgut primordia, and the salivary glands. In particular, hkb is not expressed in the PNS, trachea, mesoderm, lateral bodywall muscles, or lateral epidermis (tissues that could affect motoneuron axon pathfinding; see below).
Most NBs express hkb transiently at the beginning of We tested for alterations in NB identity in hkb embryos using three molecular markers that are expressed in a subset of the hkb-positive NBs. The runt gene is expressed in NBs 1-1, 2-2, 2-5, 3-1, 3-2, 4-1, and 5-3 at stage 10 (Duffy et al., 1991 ; Chu-LaGraff and Doe, 1993) ; it overlaps with hkb in NB 1-1 and precedes it in NB 2-2. The gooseberry-distalgene is expressed in all row 5 and 6 NBs plus NB 7-1; it overlaps with hkb in NBs 5-4 and 5-5. The sevenup-lacZ (svp-lacZ) gene is expressed in all hkb-positive NBs (Doe, 1992; Broadus et al., 1995) . A strong hypomorphic hkb allele (hkb62; Q. C. -L. et al., unpublished data) was recombined onto the svp-lacZ chromosome to assay for alterations in the svp-lacZ pattern; the other markers were scored in an hkb 7 background. For all three markers, NB expression pattern is the same in wild-type and hkb embryos (data not shown). Based on these three markers, there are no obvious alterations in NB identity in hkb embryos. Although these data do not rule out a role for hkb in specifying NB cell fate, they suggest that hkb may play a more subtle role in GMC and neuronal development. To investigate the CNS function of hkb in more detail, we focus on the NB 4-2 cell lineage.
hkb Is Required to Specify GMC 4-2a and RP2 Cell Fate The first progeny of NB 4-2, GMC 4-2a, produces the identified RP2 motoneuron and the RP2sib and expresses pros, pdm-1, pdm-2, ftz, and eve (Doe et al., 1988a; Doe, 1992; Yang et al., 1993; Bhat and Schedl, 1994; Spana and Doe, 1995; Yeo et al., 1995) . The pros, pdm-1, pdm-2, and ftz genes are required to activate eve expression, and both ftz and eve are required for normal axon pathfinding of the RP2 neuron (Doe et al., 1988a (Doe et al., , 1991 Yang et al., 1993; Bhat and Schedl, 1994; Bhat et al., 1995; Yeo et al., 1995) . In hkb embryos, we find no change in pros, pdm-1, or ftz expression in GMC 4-2a, but there is a complete loss of eve expression (Figure 3 ). The EVE-negative GMC 4-2a divides to produce an EVE-negative RP2 neuron and RP2sib (see below). These data show that hkb acts independently or downstream of pros, pdm-1, and ftz to activate eve expression in GMC 4-2a ( Figure 3 ). We conclude that hkb is required for specifying at least one aspect of GMC 4-2a identity: the expression of eve.
hkb Overexpression Produces Duplicate EVE-Positive GMC 4-2a's and RP2 Neurons To determine whether hkb is sufficient to generate the EVE-positive GMC 4-2a or RP2 cell fates, we overexpressed hkb at different stages of neurogenesis using an hsp70-hkb transgene ("hs-hkb embryos"; BrSnner et al., 1994) . As a control, we subjected y w embryos to identi- (Diagram) The genetic hierarchy regulating eve expression in GMC 4-2a and the RP2 neuron, wingless (wg) activates expression of hkb-lacZ in row 4 neuroectodermal (NE) cells and is likely to activate hkb expression (dashed arrow), hkb is expressed in NB 4-2 and GMC 4-2a, where it activates eve but not pros, ftz, or pdm-1 expression (arrow). pros, ftz, and pdm-llpdm-2 are required to activate eve expression in GMC 4-2a. hkb could be regulated by these genes (dashed arrow) or in a parallel pathway.
cal heat shock conditions. The most striking phenotypes are observed following hkb overexpression at stage 10, just after GMC 4-2a is born ( Figure 4) ; overexpression of hkb at earlier or later times has little effect on GMC 4-2a fate (data not shown). Embryos were assayed at three tirnepoints: stage 11, when wild-type embryos have a single EVE-positive GMC 4-2a; stage 12, when wild-type embryos have a larger EVE-positive RP2 and smaller EVEpositive RP2sib; and stage 16, when wild-type embryos have a single EVE-positive RP2 neuron.
Heat-shocked y w embryos show a normal eve CNS pattern at all stages of development assayed (n = 198 hemisegments; Figures 4A-4C ). In hs-hkb embryos assayed at stage 11, 19% of the hemisegments (n = 32) show two closely associated EVE-positive cells at the GMC 4-2a position ( Figure 4D ); these are likely to be the normal GMC 4-2a and a duplicate "GMC 4-2a." In hs-hkb embryos assayed at stage 12, 58% of the hemisegments (n = 76) show three or four EVE-positive cells at the RP2/ RP2sib position ( Figure 4E ). In hemisegments with three EVE-positive cells, we observed two larger cells and one smaller cell; in hemisegments with four EVE-positive cells, we observed two larger and two smaller cells. The threecell pattern is more common, but the exact proportions were not quantitated. In hs-hkb embryos assayed at stage 16, only 9% of the hemisegments contain a duplicate EVEpositive RP2 neuron (n = 120; Figure 4F ). Our interpretation is that the duplicated GMC 4-2a fate is not completely stable. We conclude that hkb overexpressJon at stage 10 can generate a duplicate EVE-positive GMC 4-2a or RP2 neuron, probably by altering cell fates within the NB 4-2 lineage (see Discussion). Together, the loss-of-function and overexpression hkb phenotypes indicate that hkb plays a key role in the correct specification of GMC 4-2a identity ( Figure 5 ).
RP2 Axon Pathfinding in hkb-and hkb
Overexpression Embryos
To characterize the role of hkb in the development of the GMC 4-2a/RP2 lineage in more detail, we stained hkb embryos for the axon markers BP102, fasciclin II, and fasciclin III (Patel et al., 1987; Grenningloh et al., 1991; Seeger et al., 1993) . The overall structure of the CNS axon scaffold is normal, but there are occasional thin connectives and slightly fused commissures in some hemisegments ( Figure 6 ). This may be due to interneuron axon pathfinding defects we observe in other NB lineages (e.g., the NB 1-1 and NB 2-2 lineages; T. Bossing et al., unpublished data) .
To analyze the position and initial axon projection of RP2, we used the 22C10 antibody (Figure 7 ). 22C10 recognizes a membrane-associated epitope on a subset of neuronal cell bodies and axons (Fujita et al., 1982; Goodman et al., 1984) . In wild-type embryos, the 22C10-positive, EVE-positive RP2 is located at the dorsal-most surface of the CNS at the junction of the anterior commissure and longitudinal connective; it projects in an anterior ipsilateral direction ( Figure 7A ) (Sink and Whitington, 1990) . In hkb embryos, 70% of the hemisegments have an EVEnegative, 22C10-positive cell at the characteristic RP2 position (n = 66; the remaining hemisegments are EVEnegative but the 22C10 staining is ambiguous). Due to its close association with the 22C10-positive ventral unpaired median fascicle, it is difficult to determine the exact orientation of the "RP2" axon projection. In favorable preparations, we can observe either a posterior ipsilateral projec- An independent N8 clone in the adjacent anterior segment has been cropped out for clarity.
escent lipophilic tracer Dil (Bossing and T e c h n a u , 1994) to label NB 4-2 and its clone of neuronal p r o g e n y in wildtype and hkb embryos.
We g e n e r a t e d nine wild-type NB 4-2 clones; we scored them as N B 4-2 clones b e c a u s e they contain the distinctive RP2 neuron. Figures 8A and 8B ). The RP2 a x o n projects in an anterior ipsilateral direction into the intersegmental nerve and forms a m a t u r e s y n a p s e (bifurcated with close muscle contact) on muscle 2 in the dorsal muscle g r o u p ( Figures   8A and 8B ). T h e small putative RP2sib is located just ventral to RP2 and has no a x o n projection at mid-stage 17; it is also medially displaced from the rest of the clone ( Figures 8A and 8B) . A pair of m o t o n e u r o n s ("Cousins of RP2"; CoR) are tightly fasciculated and project posteriorly and ipsilaterally out the intersegmental nerve root; one terminates at muscle 6 and the other terminates at muscle 16. Finally, there is a ventral cluster of 8-12 interneurons with axon projections contralateral in the anterior commissure; they bifurcate and terminate in the longitudinal connective ( Figures 8A and 8B ).
Dil lineage analysis shows that the entire wild-type embryonic NB 4-2 lineage contains the RP2 motoneuron, putative RP2sib, two CoR motoneurons, and a cluster of local commissural interneurons. Thus, NB 4-2 generates a clone with reproducible cell numbers, cell positions, cell types (interneuron/motoneuron), axon trajectories, and synaptic targets. There is variability in the number of interneurons (8-12), perhaps owing to differences in the age of the embryos.
Dil Tracing of the NB 4-2 Cell Lineage in hkb Embryos: Defects in Motoneuron Axon Pathfinding and Target Recognition
In hkb embryos, we generated five NB 4-2 clones ( Figures  8C and 8D ). We identified these as NB 4-2 clones based on the large number of features shared with the wild-type NB 4-2 clone. First, the RP2 motoneuron is dorsal to the junction of anterior commissure and longitudinal connective, and its axon projects ipsilaterally like the normal RP2. Moreover, it is the dorsal-most cell in the clone and is more medial and dorsal than the rest of the clone (Figures 8C  and 8D ). Second, there is a small putative RP2sib just ventral to the RP2 motoneuron; it has no projection and is medially displaced from the rest of the clone ( Figures  8C and 8D) . Third, there are two CoR motoneurons with posterior ipsilateral axon projections to the ventral muscle group (Figures 8C and 8D) . Finally, there is a ventral cluster of interneurons that project contralaterally in the anterior commissure before bifurcating and terminating in the longitudinal connective ( Figures 8C and 8D) . The interneurons are identical to the wild-type NB 4-2 interneurons by all criteria assayed (number, position, and axon trajectory).
Despite the obvious similarity to the wild-type NB 4-2 clone, the NB 4-2 clone is clearly abnormal in hkb embryos. All motoneurons have axon pathfinding defects. In three of the four clones, the RP2 motoneuron projects anteriorly and ipsilaterally (like wild type), but in one case it projects posteriorly and ipsilaterally; however, in all four clones, the RP2 shows axon pathfinding defects once out of the CNS. For example, in one clone, it wanders anteriorly across several segments before terminating in the dorsal muscle group (Figures 8C and 8D) . The CoR motoneurons also show axon pathfinding defects. In two of the four clones, the CoR axons leave their normal pathway on the external muscle surfaces (or never make contact) and reach the ventral epidermis before growing back into the embryo and terminating in the ventral muscle group (data not shown).
In addition to axon pathfinding errors, both RP2 and CoR neurons have possible target recognition defects and delayed/defective synapse formation (Figu res 8C and 8D) . In all four clones, RP2 reaches the dorsal muscle group but fails to contact its normal target, muscle 2. All RP2 neurons terminate at sites more ventral than normal (Figures 8C and 8D ). Only one RP2 neuron has an ending that might be a mature synapse, showing extensive, close contact in the cleft between muscles 19 and 20 ( Figure  8D) ; other RP2 n eurons show n o sign of synapse formation (e.g., a bifurcated ending or close contact with a muscle). The two CoR motoneurons also show possible target recognition defects ( Figures 8C and 8D) . In two clones, both CoR axons remain tightly fasciculated and terminate just beyond the edge of the CNS, at the ventral side of the ventral muscle group (Figures 8C and 8D ). In the other two clones, the CoR axons defasciculate after reaching the periphery (as in wild type), but both endings appear to be ventral to their normal muscle targets. In all four clones, the CoR motoneurons show no sign of forming mature synapses.
The observation that an "NB 4-2" clone can be identified in hkb embryos by numerous criteria indicates that loss of hkb does not alter the fundamental identity of NB 4-2. In hkb embryos, NB 4-2 generates the correct number of interneurons and motoneurons at their normal positions. However, the RP2 and CoR motoneurons show frequent axon pathfinding errors and a delay or failure in establishing mature synapses.
Discussion
The Role of hkb in Specifying GMC 4-2a and RP2 Cell Fate It is known that pros, ftz, pdm-1, and pdm-2 are all expressed in GMC 4-2a and are required to activate eve expression. Here we show that hkb is also expressed in GMC 4-2a and is required for eve expression, but not for the expression of pros, ftz, and pdm-l. Thus, hkb acts downstream or in parallel to pros, ftz, and pdm-1 in the genetic hierarchy leading to eve activation in GMC 4-2a (see Figure 3) . It is not known what function, if any, each gene has in addition to triggering eve expression; it may be that each gene controls specific aspects of GMC 4-2a cell fate. Loss of pros produces gene expression defects in most GMCs and may be involved in establishing the GMC cell type (Doe et al., 1991; Spana and Doe, 1995) ; loss of pdm-1 and pdm-2 may affect GMC 4-2a cell division or fate (Bhat et al., 1995; Yeo et al., 1995) ; and loss of ftz, eve, and hkb all affect axon pathfinding of the RP2 neuron (Doe et al., 1988a (Doe et al., , 1988b ; this study).
Overexpression of hkb at stage 10, just after GMC 4-2a is born, can generate duplicate EVE-positive GMC 4-2a's and RP2 neurons. When these embryos are assayed at stage 12, 58% of the hemisegments show either three EVE-positive cells (two big and one small, consistent with a duplicate GMC 4-2a, RP2, and small RP2sib) or four EVE-positive cells (two big and two small, consistent with a normal and duplicate pair of R P2/RP2sib cells). The fourcell stage is less common, which may be due to lack of division or down-regulation of eve expression in the duplicate GMC 4-2a. By stage 16, only 9% of the hemisegments contain a duplicate EVE-positive"RP2" neuron, confirming that the duplicate GMC 4-2a fate is not completely stable. Interestingly, an "unstable" duplication of GMC 4-2a fate is also produced by overexpression of pdm-2 (Yang et al., 1993) .
Two interpretations of the hkb overexpression results seem most likely. First, hkb overexpression may cause a transformation within the NB 4-2 lineage such that the second progeny (GMC 4-2b) adopts the fate of GMC 4-2a (see Figure 5A ). This could be due to a transformation of NB 4-2A back to the NB 4-2 fate or a transformation of GMC 4-2b into GMC 4-2a without altering NB identity. Ectopic hkb expression could cause this transformation by providing a level of HKB RNA or protein in NB 4-2A or GMC 4-2b that matches that of NB 4-2 or GMC 4-2a, respectively. It is unknown what level of HKB protein normally exists in NB 4-2A or GMC 4-2b. Alternatively, hkb overexpression may induce an additional round of cell division in GMC 4-2a, resulting in the duplication of GMC 4-2a and subsequently in a duplication of the RP2 and RP2sib (see Figure 5B) .
It is also possible that hkb overexpression leads to another NB adopting the NB 4-2 fate. We think this is unlikely because we have never observed two clearly separated EVE-positive GMCs (which might be expected if these EVE-positive cells are produced from different NB lineages).
Loss of hkb Results in Aberrant Motoneuron Axon Pathfinding
We used the fluorescent lipophilic tracer Dil to label specifically the entire embryonic NB 4-2 lineage in both wild-type and hkb mutant embryos. We could identify the "NB 4-2" lineage in hkb embryos based on numerous criteria, including position of the clone relative to CNS landmarks, cell number, cell position, type of neurons, and initial orientation of axon projections. Although it is formally possible that the "NB 4-2" clone derives from a different NB in hkb embryos, the simplest and most likely interpretation is that it represents an altered NB 4-2 lineage. In the future, this question can be answered definitively by identifying the Dil-labeled NB by position in the NB array and scoring the resulting clone in the mature CNS.
Loss of hkb does not alter the cell type, position, or general direction of the axonal projections of the neuronal progeny of NB 4-2. However, there are consistent defects in axon pathfinding of the RP2 and CoR motoneurons. Why are only the motoneurons affected? All three motoneurons are the most dorsal cells in the clone, which may indicate that they are born early in the NB 4-2 lineage; this is true for the RP2 neuron, which is derived from the firstborn GMC 4-2a. hkb is expressed early in the NB 4-2 lineage (only between stage 9 and stage 11 ), and thus may not be expressed in the GMCs that produce interneurons. Alternatively, there may be subtle defects in the interneurons that we are unable to score. However, hkb function is not limited to motoneurons in all NB lineages: there are defects in interneuron axon pathfinding in the NB 1-1 and 2-2 lineages (T. Bossing et al., unpublished data) , and we observe general defects in axon fasciculation within the neuropil (see Figure 6) .
We believe that the Dil phenotypes are due to autonomous defects in the NB 4-2 lineage, hkb is only expressed in the CNS, salivary glands, and midgut anlage; it is not expressed in the lateral bodywall tissues that could serve as motoneuron pathfinding or target recognition cues (e.g., muscles, other mesoderm, gila, trachea, sensory neurons, or epidermis). However, we cannot absolutely rule out a nonautonomous contribution to the NB 4-2 phenotype either from disruptions caused by displaced yolk (due to midgut defects), or from defects in other neurons that might provide pathfinding cues for RP2 and CoR. Absolute proof of the autonomous NB 4-2 hkb phenotype awaits the generation of hkb-CNS clones.
How might the loss of the putative nuclear zinc finger HKB protein in NBs and GMCs lead to axon pathfinding defects? One possibility is that HKB protein persists in mature neurons and directly regulates expression of genes involved in establishing growth cone guidance. A more likely possibility is that axon defects in hkb embryos are due to a partial alteration in GMC cell fate; this is supported by the loss of eve expression in GMC 4-2a. Loss of either ftz or eve gene expression in GMC 4-2a also leads to an aberrant axon projection of the RP2 neuron, but in these mutant embryos the RP2 projects contralaterally (Doe et al., 1988a (Doe et al., , 1988b . It is unclear why loss of eve alone results in a contralateral RP2 projection, whereas the combined loss ofhkb and eve results in a more normal ipsilateral projection. In any case, loss of hkb, ftz, or eve in GMC 4-2a each results in aberrant axon pathfinding of the RP2 motoneuron, probably by affecting a gene regulatory hierarchy ultimately required in neurons for normal growth cone guidance.
Experimental Procedures
Fly Strains
We used yellow white (yw), 5953 (a homozygous viable enhancer-trap line with a P element lacZ reporter construct inserted 7.5 kb 3' to the hkb gene), hkb62/TM3 (a strong hypomorphic 5953 excision allele), and hkb' e/TM3 Sb e ftzlacZ (a strong hypomorphic allele bearing a small deletion within the hkb transcript; Br6nner et al., 1994) . y w flies containing an hkb cDNA under hsp70 promoter control ("hs-hkb" flies; BrSnner et al., 1994) were used for hkb overexpression.
DNA and RNA Techniques
Genomic DNA flanking the 5953 P element insertion was isolated and nonradioactively labeled with digoxygenin using the Genius Labeling kit (Boehringer Mannheim). Genomic DNA was used for chromosome in situ hybridizations according to standard methods (Ashburner, 1989) . Localization of the HKB RNA in whole-mount embryo in situ hybridization was done according to the protocol of Skeath and Carroll, 1992 , with the exception that xylene and proteinase K treatments were omitted, Probes included digoxygenin-labeled genomic DNA or a 1.7 kb hkb cDNA isolated from a pNB40 library (Br6nner et al., 1994) .
Immunostaining
Embryos were stained using standard methods (Doe, 1992) . Primary antibodies included rabbit anti-EVE (1:2500; from M. Frasch), mouse anti-FTZ (1:1000; from I. Duncan), rabbit anti-PDM-1 (1:50; from S. Poole), mouse anti-PROS MR1A (1:4; Spana and Doe, 1995) , rabbit anti-13-galactosidase (1:1000; Cappel), mouse anti-BP102 (1:4; from C. S. Goodman), mouse anti-FAS II (1:10; from C. S. Goodman), and mouse anti-FAS Ill (1:3; from C. S. Goodman). Histochemical detection of primary antibodies was done using the HRP Vectastain Elite kit (Vector) according to manufacturer's instructions. The HRP reaction was performed using DAB substrate (Pierce Chemicals). Immunofluorescent detection of primary antibodies was done using the following secondary antibodies: donkey antimouse conjugated to rhodamine (1:200) and donkey antirabbit conjugated to fluorescein (1:200), both from Jackson Imm unoresearch, Inc. For visualization, embryos were mounted in 70% glycerol with 4% n-propyl gallate (Sigma). Immunofluorescent images were collected on a Bio-Rad MRC 1000 confocal microscope.
In all experiments, hkb' homozygous embryos were distinguished by the absence of the ftzlacZ expression. For detailed observation of the stage 16 CNS, ventral nerve cords of whole-mount embryos were dissected with tungsten needles and mounted in 70% glycerol.
Heat Shock Experiments
y w (wild-type) and y w; hs-hkb embryos were collected on thin molasses caps at 30 min intervals and aged for 3.5 hr at 24°C. Embryo cap collections were parafilmed and submerged in a 37 ° C water bath for 18 min. Prior to submersion, a portion of the collection was dechorionated, fixed, and stained with the engrailed antibody to assess the developmental stage at time of heat shock. After heat shock, experimental embryo collections were allowed to continue development at 24°C until stage 11, stage 12, or stage 16. The embryos were then fixed and stained with an antibody to EVE.
Dil Lineage Tracing
y w (wild-type) and hkb ~ e/TM3 Sb e ftz/acZ embryos were collected in 1 hr intervals and aged for 2 hr at 25°C. Single neuroectodermal cells at stage 7 were labeled with Dil as previously described (Bossing and Technau, 1994) . Cells 6-8 cell diameters from the midline were targeted to increase the odds of labeling the intermediate column NB 4-2. As expected, the majority of labeled cells formed ventral epidermal clones, with about 30% delaminating to form an NB and its clonal progeny. Because labeling NB 4-2 is a low frequency event, we labeled individual neuroectodsrmal cells in multiple segments in each embryo. After 24 hr at 16°C, embryos containing motoneuronal projections were filleted to reveal the CNS and examined on a Bio-Rad MRC 1000 confocal microscope. Nomarski and Dil images were collected at matched 0.8 p.m intervals throughout the entire CNS. Dil images were projected to. show the entire clone; overlaying the projected Dil image with individual Nomarski images allowed registration of the clone with landmarks such as commissures, connectives, and identified muscles. Following image collection, embryos were stained for 13-galactosidase activity to identify the hkb embryos. A detailed protocol is available upon request.
